+ progenitors at the muscular-unmuscular arteriole border in the normal lung, and in hypoxia-induced pulmonary hypertension, a single primed cell migrates distally and expands clonally, giving rise to most of the pathological smooth muscle coating of small arterioles. Little is known regarding the molecular mechanisms underlying this process. Herein, we show that primed cell expression of Kruppel-like factor 4 and hypoxiainducible factor 1-a (HIF1-a) are required, respectively, for distal migration and smooth muscle expansion in a sequential manner. In addition, the HIF1-a/ PDGF-B axis in endothelial cells non-cell autonomously regulates primed cell induction, proliferation, and differentiation. Finally, myeloid cells transdifferentiate into or fuse with distal arteriole SMCs during hypoxia, and Pdgfb deletion in myeloid cells attenuates pathological muscularization. Thus, primed cell autonomous and non-cell autonomous pathways are attractive therapeutic targets for pulmonary hypertension.
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In Brief
Sheikh et al. demonstrate that hypoxiainduced expression of KLF4 and HIF1-a in specialized lung arteriole SMC progenitors is required for distal migration and smooth muscle expansion, respectively. A HIF1-a/PDGF-B axis in endothelial cells non-cell autonomously regulates progenitor SMC induction, proliferation, and differentiation. The myeloid cell lineage marks SMCs.
INTRODUCTION
Pulmonary hypertension (PH) is a grave disease marked by increased pulmonary arterial pressure and hypermuscularization of the lung vasculature. Treatment options are limited, and in severe cases, right heart failure and ultimately death ensue. Hypoxia and/or lung disease is a major cause of PH (World Health Organization [WHO] Group 3) and is characterized by smooth muscle cell (SMC) coating of the normally unmuscularized distal pulmonary arterioles (Arias-Stella and Saldana, 1963; Simonneau et al., 2013; Stenmark et al., 2006) . While studies have shown extensive pathological changes in SMCs during the course of PH, there is limited understanding of the crosstalk between SMCs and other cell types that is undoubtedly integral to pathogenesis (Gao et al., 2016; Nogueira-Ferreira et al., 2014) .
We have identified a specialized population of SMC progenitors that give rise to most hypoxia-induced distal arteriole SMCs in mice and initiated studies of the pathogenesis (Sheikh et al., 2014 (Sheikh et al., , 2015 ; however, critical aspects of the underlying mechanisms remain to be elucidated. We reasoned that these specialized cells are primed to muscularize the distal pulmonary arteriole because of their expression of the undifferentiated mesenchyme marker platelet-derived growth factor receptor b (PDGFR-b) (in addition to SMC markers) and their position at the muscular-unmuscular border of each arteriole (Sheikh et al., 2015) . With exposing mice to hypoxia, the ligand platelet-derived growth factor B (PDGF-B) is upregulated in the lung, which induces primed cell expression of the pluripotency factor Kruppel-like factor 4 (KLF4), and a single induced primed cell from each arteriole migrates distally and expands clonally, giving rise to pathological SMCs (Sheikh et al., 2015) . The role of specific cellular sources of PDGF-B on primed cell biology and pathological muscularization have not been investigated. Similarly, hypoxia-inducible factors (HIFs) are implicated in pulmonary vascular remodeling (Brusselmans et al., 2003; Shimoda and Semenza, 2011; Yu et al., 1999) , and the 5 0 regulatory region of Klf4 includes a hypoxia response element, but the role of HIFs in hypoxic induction of primed cells is not known.
Furthermore, the effects of hypoxia on primed cell induction, migration, and proliferation are likely to depend on other cell types. Hypoxia induces endothelial cell (EC) expression of diverse agonists that have receptors on pulmonary artery (PA) SMCs and are implicated in PH and pulmonary vascular remodeling (Chen and Oparil, 2000; Dahal et al., 2011; Izikki et al., 2009; Luo et al., 2011; Nilsson et al., 2004; Savale et al., 2009; Wang et al., 2013; Yan et al., 1995) . Yet EC-mediated regulation of primed cells has not been previously evaluated. In addition, macrophages are important players in PH pathogenesis, because they are found in the canonical plexiform lesions of vessels in pulmonary arterial hypertension (PAH) (WHO Group 1 classification of PH) (Rabinovitch et al., 2014; Tuder et al., 1994) , and macrophage depletion attenuates PH and pulmonary arteriole media thickening in rat models (Rabinovitch et al., 2014; Thenappan et al., 2011; Tian et al., 2013; Zaloudíková et al., 2016) . Understanding of macrophage-dependent effects on SMC biology is markedly limited in general and is essentially unknown in the context of PH. In the current study, we delineate cellular and molecular mechanisms underlying primed cell induction and expansion in the hypoxic model of PH and distinguish direct effects of hypoxia on primed cells and indirect effects via other cell types. Our findings indicate that primed cell expression of KLF4 and of HIF1-a is required in a cell autonomous manner for distal migration and distal arteriole SMC expansion, respectively. EC HIF1-a is critical for hypoxia-induced primed cell expression of KLF4, distal arteriole SMC proliferation and differentiation, and ultimately PH. Hypoxia induces EC PDGF-B expression, and PDGF-B is required for hypoxia-induced primed cell expression of HIF1-a. Similar to HIF1-a in ECs, EC-derived PDGF-B is critical for primed cell KLF4 expression, distal arteriole muscularization and SMC differentiation, and PH. Finally, $10% of hypoxiainduced distal arteriole SMCs are marked by fate mapping of the monocyte or macrophage lineage, and deletion of Pdgfb in this lineage attenuates distal arteriole muscularization.
RESULTS
Primed Cell HIF1-a and KLF4 Play Distinct Roles in Distal Arteriole Muscularization Similar to our prior studies, immunohistochemical analysis in this investigation focused on specific pulmonary arteriole beds adjacent to identified airway branches (left bronchus-first lateral secondary branch-first anterior branch [L.L1.A1] or left bronchus-first medial branch [L.M1]) (Sheikh et al., 2014 (Sheikh et al., , 2015 . Distal arterioles in these beds are unmuscularized under basal conditions and, with hypoxia exposure, undergo a stereotyped process of muscularization (Sheikh et al., 2014 (Sheikh et al., , 2015 .
Myh11-CreER T2 -mediated deletion of Hif1a attenuates hypoxia-induced pulmonary vascular remodeling (Ball et al., 2014) , and we previously showed that SMMHC + SMA + PDGFR-b + primed cells, located at muscular-unmuscular arteriole borders in the normal lung, give rise to hypoxia-induced distal pulmonary arteriole SMCs (Sheikh et al., 2015) . Herein, we initially assessed the role of HIF1-a in PDGFR-b + cells on hypoxia-induced distal muscularization and PH. Exposure of mice to hypoxia (10% FiO 2 ) induces robust, widespread, and rapid upregulation of HIF1-a protein in the lung ( Figure S1 ), and focusing specifically on primed cells, 82% ± 3% of these cells express HIF1-a at hypoxia day 1 ( Figures 1A and 1B) . Pdgfrb-CreER T2 , Hif1a
(flox/flox) mice were induced with tamoxifen, rested, and then exposed to hypoxia for either 1 day to confirm HIF1-a deletion in PDGFR-b + cells ( Figure S2A ) or 21 days to assess vascular remodeling and hemodynamics. In contrast to the heavily muscularized distal pulmonary arterioles of control-treated mice exposed to 21 days of hypoxia, the distal arterioles of tamoxifen-treated mice are only coated by sparse a-smooth muscle actin (SMA + ) cells ( Figure 1C ) (Angelini et al., 2010; Hayashida et al., 2005; Spees et al., 2008; Yeager et al., 2011) . Of the distal SMA + cells at hypoxia day 14, 80% ± 2% are GFP + and 11% ± 1% are CD68 + , suggesting that, as explored more fully in Figure 6 , some non-SMC-derived distal arteriole SMCs may originate from macrophages or upregulate a macrophage marker. With hypoxia exposure, a primed SMC initially migrates beyond the muscular-unmuscular border at day 3 and then robustly proliferates, with distal arteriole SMC proliferation peaking at hypoxia day 7 (Sheikh et al., 2014 (Sheikh et al., , 2015 . When tamoxifen is administered to Pdgfrb-CreER T2 , Hif1a (flox/flox) mice on hypoxia days 3-5 (i.e., after the initial migration), the pattern of sparse SMC coating of the distal arteriole at hypoxia day 21 ( Figures  1J and 1K ) is indistinguishable from when tamoxifen is administered before hypoxia exposure ( Figure 1C ). This finding contrasts with the results for Klf4 deletion. KLF4 is expressed in primed cells at hypoxia day 2 (Sheikh et al., 2015) , and hypoxia-induced distal muscularization, PH, and RVH are prevented by deleting Klf4 in SMA + cells (Sheikh et al., 2015) or in PDGFR-b + cells (Figures 2A-2C and S2B) before hypoxia treatment. Klf4 deletion in primed cells, however, does not alter HIF1-a expression in primed cells of the early hypoxic lung (Figures 2D and 2E) . In marked contrast to the effect of Klf4 deletion before hypoxia, tamoxifen treatment of Acta2-CreER T2 , Klf4 (flox/flox) mice on hypoxia days 3-5 has no effect on distal muscularization at hypoxia days 7 or 21 ( Figures 2F and 2G ). Thus, KLF4 and HIF1-a are each critical in primed SMCs for distal muscularization but are so for distinct stages of the pathogenesis: KLF4 for initial breaching of the muscular-unmuscular border and HIF1-a for the subsequent robust clonal expansion of the primed cell lineage. 
Endothelial HIF1-a Regulates Primed Cell Induction and Distal Muscularization
We next evaluated the effect of Hif1a deletion in ECs on hypoxia-induced distal muscularization and PH. Cdh5-CreER T2 , Hif1a
(flox/flox) mice were or were not induced with tamoxifen, and then mice were exposed to normoxia or hypoxia. With 21 days of hypoxia, similar to wild-type mice (Sheikh et al., 2014) , Cdh5-CreER T2 , Hif1a (flox/flox) mice that were not pre-treated with tamoxifen have a continuous single layer of SMA + cells coating the distal arteriole ( Figure 3A) . However, following tamoxifen pre-treatment, hypoxic exposure results in sparse SMA + cells that are loosely adherent to the underlying distal arteriole EC tube, often forming clumps of cells, and PH and RVH do not ensue (Figures 3A-3C ). EC deletion of Hif1a decreases Pdgfb levels in lung ECs isolated from hypoxic mice (Figures S2C and S2D ; Table S1 ) and markedly reduces the number of primed or distal arteriole SMCs expressing KLF4 at hypoxia day 2 or 7, respectively (Figures 3D , 3E, S4A, and S4B). In addition, the percentage of distal arteriole SMCs that are HIF1-a + at hypoxia day 5 is reduced by more than two-fold ( Figures 3F and 3G ). At hypoxia day 7, distal arteriole SMA + cells normally express PDGFR-b, but not smooth muscle myosin heavy chain (SMMHC), and are highly proliferative (Sheikh et al., 2014 Figures S4D and S4E ).
Under normoxic conditions, HIF-a protein levels are kept at a minimum by proline hydroxylation, which facilitates binding to the von Hippel-Lindau (VHL)-E3 ubiquitin ligase complex (Semenza, 2012) . This complex induces protein ubiquitination and ultimately proteasomal-mediated degradation. With hypoxia, oxygen is not available as a substrate for proline hydroxylation, and hence, HIF-a accumulates. As a means of increasing HIF-a levels in ECs without hypoxia, we induced Cdh5-CreER T2 , Vhl (flox/flox) mice with tamoxifen and then allowed them to rest for up to 47 days under normoxic conditions. HIF1-a and PDGF-B are markedly upregulated in lung ECs and in the lung parenchyma of these mice, and distal arterioles become muscularized ( Figures 4A, 4B , and S2E). Similarly, KLF4 is expressed in distal arteriole SMCs ( Figure 4B ). Under normoxic conditions, primed cells are present at the muscular-unmuscular (i.e., middledistal) arteriole border and are not induced (i.e., KLF4 À ) in wildtype mice (Sheikh et al., 2015) . 12 days after EC Vhl deletion, primed cells remain present at the middle-distal arteriole border; however, 83.2% ± 2.5% of primed cells express KLF4 ( Figures  4C and 4D ). These results suggest that even under normoxic conditions, EC upregulation of HIF induces PDGF-B expression, as well as non-cell autonomous KLF4 expression in primed and distal arteriole SMCs, and distal arteriole muscularization ensues.
EC-Derived PDGF-B Regulates Primed Cell Induction and Distal Arteriole Muscularization
We next endeavored to investigate the role of EC-derived PDGF-B in hypoxia-induced PH. Hypoxia treatment of mice increases PDGF-B in lung ECs (Sheikh et al., 2015) , and lung Pdgfb levels peak at hypoxia day 2 ( Figure S5 ). In Pdgfb (+/À) mice, hypoxia-induced primed cell induction, distal muscularization, and PH are attenuated (Sheikh et al., 2015) , and primed cell HIF1-a expression was almost abrogated at hypoxia day 1 (Figures 5A and 5B). To evaluate the effect of deleting Pdgfb from ECs ( Figure S2F ), Cdh5-CreER T2 , Pdgfb (flox/flox) mice were induced with tamoxifen, rested, and then exposed to hypoxia. At hypoxia day 21, these mice have distal pulmonary arterioles covered by sparse clumps of SMA + cells and have normal PA pressure and right ventricle (RV) weight ratio ( Figures 5C-5E 5C ), whereas Pdgfb (+/À) mice do not develop hypoxia-induced distal muscularization (Sheikh et al., 2015) . These findings suggest that a non-EC source of PDGF-B is likely integral for pulmonary vascular remodeling. Macrophages produce PDGF-B (van Steensel et al., 2012) , and hypoxia results in macrophage recruitment to the lung, which is implicated in hypoxia-induced PH (Amsellem et al., 2017; Frid et al., 2006; Vergadi et al., 2011) . To evaluate the role of macrophages in distal muscularization, we initially conducted a timeline of anti-CD68 staining in lung vibratome sections from mice exposed to normoxia or hypoxia for up to 21 days ( Figure S6A Figures S6B-S6F ).
We next fate mapped monocytes and macrophages during hypoxia exposure, using mice carrying Csf1r-Mer-iCre-Mer (Qian et al., 2011) Figure 6C ). These results suggest that during hypoxia-induced PH, CSF1R + cells are recruited into the pulmonary arteriole, and some transdifferentiate into SMC marker + cells and/or fuse with SMCs, whereas pre-existing SMCs do not give rise to pulmonary arteriole SMA + CD68 + cells.
At hypoxia day 7, PDGF-B protein is located broadly in the lung parenchyma ( Figures 6D and 6E) (Sheikh et al., 2015 treated with tamoxifen and then exposed to hypoxia for 7 days have a markedly reduced PDGF-B signal on lung immunohistochemical staining ( Figures 6D and 6E ). The residual PDGF-B expression is predominantly located near CD68 + cells, suggesting that macrophages are a substantial source of PDGF-B in the hypoxic lung. Thus, Csf1r-Mer-iCre-Mer was used to delete Pdgfb in monocytes and macrophages ( Figure S2G ), and to assess the role of PDGF-B derived from these cells in hypoxiainduced pulmonary arteriole remodeling, Csf1r-Mer-iCre-Mer, Pdgfb (flox/flox) mice were induced with tamoxifen and exposed to hypoxia for 21 days. There are many gaps in the SMA + cell coating of the distal arterioles of these mice, evocative of a Swiss cheese pattern of muscularization ( Figure 6F ). (legend continued on next page)
DISCUSSION
Alveolar hypoxia resulting from chronic lung diseases, impaired breathing, or prolonged exposure to high altitude is a major cause of PH and is associated with pulmonary vascular remodeling. For instance, among humans who live at high altitudes, up to $18% have PH and many have muscularized distal pulmonary arterioles that are not muscularized in control inhabitants of sealevel elevations (Arias-Stella and Saldana, 1963; Mirrakhimov and Strohl, 2016) . Moreover, exposure of mice to chronic hypoxia induces PH and muscularization of distal arterioles (Rabinovitch, 2007; Stenmark et al., 2006 Stenmark et al., , 2009 . We have identified specialized primed PDGFR-b + SMC progenitors at the muscular-unmuscular arteriole border of the normal lung that give rise to most hypoxia-induced distal arteriole SMCs (Sheikh et al., 2015) . In the current study, we delineate mechanisms of primed cell induction and expansion through direct effects of hypoxia on primed cells and indirect effects via hypoxic ECs; we also analyze the role of macrophages in the distal muscularization process ( Figure 7 ). Our findings indicate that transcription factors KLF4 and HIF1-a play discrete and critical cell autonomous roles in primed cells during the pathogenesis of hypoxia-induced PH (Figures 1  and 2 ). In SMCs, KLF4 is integral in the pathogenesis of mouse models of diverse vascular diseases (Salmon et al., 2013; Shankman et al., 2015; Sheikh et al., 2015) , but its role specifically in specialized SMC progenitors was not previously established. We observe that hypoxia-exposed, tamoxifen-induced PdgfrbCreER T2 , Klf4 (flox/flox) mice lack distal arteriole SMCs and do not develop PH. Thus, primed cell expression of KLF4 is essential cell autonomously for breaching the muscular-unmuscular border and initiating the muscularization process; however, KLF4 is not required for the subsequent steps of expansion of the early distal arteriole SMCs. In contrast to KLF4, primed cell HIF1-a is not required for SMCs to reach the distal pulmonary arteriole under hypoxia but is critical for expansion of the number of SMCs in the distal compartment. Previously, Hif1a (+/À) mice have been shown to be protected against hypoxia-induced PH and pulmonary arteriole muscularization (Brusselmans et al., 2003; Yu et al., 1999) , as are mice with SMC deletion of Hif1a (Ball et al., 2014; Kim et al., 2013) . These latter investigations used Hif1a
(flox/flox) mice that carry Tagln-Cre or Myh11-CreER T2 (Ball et al., 2014; Kim et al., 2013) , either of which would be expected to delete Hif1a in primed cells. Tamoxifen-induced Myh11-CreER T2 , Hif1a (flox/flox) mice develop hypoxia-induced RVH (Ball et al., 2014) , whereas Pdgfrb-CreER T2 , Hif1a
(flox/flox) do not (Figure 1 ), suggesting that hypoxia-induced HIF1-a in PDGFR-b + pericytes of the heart may contribute to RVH. Based on our results, together with prior studies, we speculate that the protection against hypoxia-induced PH with SMC deletion of Hif1a results from Hif1a deletion in primed SMC progenitors. Beyond the direct effects of hypoxia on SMCs, hypoxic ECs secrete factors that modulate the biology of SMCs (Izikki et al., 2009; Luo et al., 2011; Nilsson et al., 2004; Savale et al., 2009; Sheikh et al., 2015; Wang et al., 2013) ; however, such indirect effects of ECs on primed cells have not been previously investigated. Under normoxic conditions, enzymes containing the prolyl hydroxylase domain (PHD) use molecular oxygen as a substrate and catalyze the hydroxylation of prolines on HIF-a; in turn, VHL ubiquitinates hydroxylated HIF-a, targeting it for proteasome-mediated degradation (Semenza, 2012) . In contrast, with hypoxia, PHD activity is impaired and HIF-a accumulates (Semenza, 2012) . Prior studies have demonstrated that constitutive deletion of the gene encoding PHD2 with Cdh5-Cre or Tie2-Cre induces pulmonary vascular remodeling and PH (Dai et al., 2016; Kapitsinou et al., 2016; Wang et al., 2016) , and humans or mice with a germline homozygous mutation in VHL develop polycythemia and PH (Hickey et al., 2010; Smith et al., 2006) . In addition, EC-specific Hif2a deletion protects against hypoxia-induced pulmonary vascular remodeling, PH, and RVH (Cowburn et al., 2016; Kapitsinou et al., 2016) . Herein, we find that EC deletion of Vhl results in enhanced lung expression of HIF1-a and PDGF-B, primed cell induction, and distal arteriole muscularization (Figure 4 ). Specific and conditional deletion of Hif1a in ECs attenuates hypoxia-induced primed cell KLF4 expression and distal arteriole accumulation and proliferation, and in contrast to the stereotyped pattern of distal muscularization in controls, distal arteriole SMCs in mutants have perturbed expression of differentiation markers and form clumps, although not all SMCs are directly apposed to ECs (Figure 3 ). These mutants are protected against hypoxiainduced PH or RVH. EC deletion of Pdgfb phenocopies EC-specific Hif1a mutants ( Figure 5 ), suggesting that in mice exposed to hypoxia, enhanced HIF1-a upregulates EC secretion of PDGF-B, which induces primed cells. In contrast to Pdgfb (+/À) mice, which lack hypoxia-induced distal arteriole muscularization (Sheikh et al., 2015) , Cdh5-CreER T2 , Pdgfb (flox/flox) mice have some distal SMCs, suggesting that non-EC sources of PDGF-B (e.g., platelets and macrophages) are important in pathological SMC recruitment. In further studies, we elected to evaluate macrophages in hypoxia-induced PH because macrophages secrete PDGF-B (van Steensel et al., 2012) , and inflammation is an understudied area of high interest in PH (Erzurum et al., 2010; Nicolls and Voelkel, 2017; Rabinovitch et al., 2014) . Only a few studies touch upon the interplay between macrophages and SMCs in PH. These investigations demonstrate that media conditioned from alveolar macrophages cultured in severe hypoxia (0.5% O 2 for 48 hr) (Vergadi et al., 2011) or obtained from mice exposed to hypoxia (9% FiO 2 ) (Amsellem et al., 2017) induce an increase of less than two-fold in proliferation of mouse PA SMCs. A similar effect is reported when leukotriene B4 or the chemokine CXCRL1, which are both known to be expressed by macrophages, as well as other cell types, are added to cultured PA SMCs (Amsellem et al., 2017; Tian et al., 2013 ).
Our investigations demonstrate that $10% of hypoxiainduced distal pulmonary arteriole SMA + SMMHC + SMCs are labeled by fate-mapping cells expressing the monocyte or macrophage marker CSF1R ( Figure 6 ). Prior studies with bone marrow-transplanted rodents in various models of PH indicate that bone marrow-derived cells are recruited into the lung and pulmonary vasculature and many of these cells express SMA (Angelini et al., 2010; Hayashida et al., 2005; Spees et al., 2008; Yeager et al., 2011) ; however, none of these investigations have demonstrated bone marrow-derived cells in the vasculature expressing the more specific markers of mature smooth muscle (i.e., SMMHC and smoothelin). Similarly, in humans or mice that have undergone bone marrow transplant and develop atherosclerosis, 5%-10% of SMA + plaque cells derive from hematopoietic cells (Caplice et al., 2003; Iwata et al., 2010) . The Myh11 transcriptional program is not active in bone marrow-derived plaque cells of Apoe (À/À) mice (Iwata et al., 2010) ; however, one image from a study of bone marrow-transplanted humans indicates that some SMMHC + coronary atherosclerotic plaque cells derive from the bone marrow (Caplice et al., 2003) . Finally, our results demonstrate that Pdgfb deletion in CSF1R + cells substantially abrogates hypoxia-induced distal pulmonary arteriole muscularization. Altogether, our findings emphasize the importance of primed cell autonomous and non-cell autonomous pathways in the context of hypoxia-induced distal arteriole muscularization and PH. Primed cell expression of KLF4 is requisite for initial breaching of the muscular-unmuscular border, and subsequently, primed cell HIF1-a is integral for the expansion of early distal arteriole SMCs. In addition to these cell autonomous effects, an EC HIF1-a/PDGF-B axis regulates primed cell induction, proliferation, and stereotyped differentiation. Finally, macrophages contribute to distal arteriole muscularization through both transdifferentiation to SMMHC + CD68 À cells and macrophagederived PDGF-B. The interplay among distinct cell types is critical for the pathogenesis of diverse vasculoproliferative diseases but generally is understudied and poorly understood. Thus, pathological studies delineating intercellular mechanisms-such as this investigation of specialized SMC In contrast to EC HIF1-a, primed cell HIF1-a is expendable for progenitor induction and initial migration. Distal arteriole SMC proliferation peaks at hypoxia day 7 (Sheikh et al., 2014) 
Hypoxia Treatment and Hemodynamic Measurements
Adult mice were exposed to hypoxia (10% FiO 2 ) for up to 21 days in a rodent hypoxia chamber equipped with a calibrated controller and an oxygen sensor (BioSpherix). Right ventricle systolic pressure (RVSP; equivalent to PA systolic pressure) and the weight ratio of the RV to the sum of the left ventricle (LV) and septum (S) were measured (Sheikh et al., 2014 (Sheikh et al., , 2015 .
Lung Preparation
After appropriate hypoxia or normoxia exposure, mice were euthanized by isoflurane inhalation, the pulmonary vasculature was flushed with PBS, and the lungs were inflated with 2% low-melt agarose. Solidified agarose-filled lobes were immersed in Dent's fixative (4:1 methanol:DMSO) at 4 C overnight and then washed and stored in 100% methanol (Sheikh et al., 2014 (Sheikh et al., , 2015 . Before immunohistochemical analysis, lungs were bleached in 5% H 2 O 2 , rehydrated into PBS, and vibratome sectioned at a thickness of 150 mm.
Immunohistochemical Analysis
Vibratome lung sections were blocked with 5% normal goat serum in 0.5% Triton X-100/PBS (PBS-T) at 4 C overnight. Sections were then incubated in . ABC Elite reagents (Vector Laboratories) and fluorescein tyramide system (PerkinElmer) were used to amplify the biotinylated PDGFR-b staining as described previously (Greif et al., 2012; Metzger et al., 2008) . Secondary antibodies were conjugated to Alexa 488, Alexa 564, or Alexa 647 (Invitrogen) or to DyLight 649 (Jackson Laboratory) fluorophores (1:500). Nuclei were stained with DAPI (1:500).
In Vivo Quantification
For quantification of immunohistochemical data, the number of cells was quantified on confocal sections by counting the DAPI-marked nuclei colocalizing with stains of specific markers. The total number of primed cells (PDGFR-b + SMA + DAPI + cells) at the muscular-unmuscular border of specific pulmonary arterioles or distal arteriole SMCs (DAPI + cells expressing SMA or SMMHC) were used in calculations. The results for up to three specific arterioles (Sheikh et al., 2014) were determined, and the values for each arteriole were averaged to yield the results for each lung. These individual lung results were then averaged, and the SD was determined to yield the overall results that were plotted in graphs and reported.
Imaging
Lung sections were imaged on confocal microscopes (PerkinElmer UltraView VOX spinning disc or Leica SP5 point scanning). Volocity software (PerkinElmer) and Adobe Photoshop was used to process images.
Statistical Analysis
All data are presented as mean ± SD. Student's t test, multi-factor ANOVA, and post hoc test with Bonferroni corrections were used to analyze the data (GraphPad Prism software). The statistical significance threshold was set at p % 0.05. All tests assumed normal distribution and were two sided. 
SUPPLEMENTAL INFORMATION

Gene
Forward Primer Reverse Primer
Pecam1 GAGCCCAATCACGTTTCAGTTT TCCTTCCTGCTTCTTGCTAGCT
Cd68
TGTCTGATCTTGCTAGGACCG GAGAGTAACGGCCTTTTTGTGA
Myh11 GCAACTACAGGCTGAGAGGAAG TCAGCCGTGACCTTCTCTAGCT
Acta2
ATGCTCCCAGGGCTGTTTTCCCAT GTGGTGCCAGATCTTTTCCATGTCG
Hif1a
ACCTTCATCGGAAACTCCAAAG CTGTTAGGCTGGGAAAAGTTAGG
Pdgfb
CATCCGCTCCTTTGATGATCTT GTGCTCGGGTCATGTTCAAGT
Vhl
CTCAGCCCTACCCGATCTTAC ACATTGAGGGATGGCACAAAC
18S
CGCCGCTAGAGGTGAAATTC TTGGCAAATGCTTTCGCTC
Gapdh TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG Table S1 . Table S1 .
